The heat-treatment designations and microstructure nomenclatures for many structural metallic alloys were established for traditional metals processing, such as casting, hot rolling or forging. These terms do not necessarily apply for additively manufactured (i.e., three-dimensionally printed or "3D printed") metallic structures. The heat-treatment terminology for titanium alloys generally implies the heat-treatment temperatures and their sequence relative to a thermomechanical processing step (e.g., forging, rolling). These designations include: β-processing, α + β-processing, β-annealing, duplex annealing and mill annealing. Owing to the absence of a thermomechanical processing step, these traditional designations can pose a problem when titanium alloys are first produced via additive manufacturing, and then heat-treated. This communication proposes new nomenclatures for heat treatments of additively manufactured titanium alloys, and uses the distinct microstructural features to provide a correlation between traditional nomenclature and the proposed nomenclature.
Introduction: The relevance of nomenclature
Titanium alloys are generally as microstructurally complex as any structural metal or alloy. Consequently, it is important but also can be difficult to provide a clear, unambiguous description of the microstructures in these alloys because they can have a diverse range of processing history. Nevertheless, there are many instances involving the use of titanium alloys where unambiguous microstructural descriptions are vital to their successful application. A common problem is the substitution of processing history for a real microstructural description. For example, in the case of Ti6Al-4V, a very commonly used condition in plate material is called mill anneal. Mill anneal implies (but doesn't say) that the material has been α+β worked and given a very limited stress relief anneal. However, the "label" mill anneal really does not provide any insight into the actual material microstructure. Consequently, mill anneal material may exhibit a range of microstructures which affect a number of their properties. In practice, the current method of dealing with this uncertainty is Nearly Final document prior to publication in JOM. Final text available at: http://dx.doi.org/10.1007/s11837-017-2358-y to require the lowest bound property set when specifying mill anneal material. One consequence of this is to readily give up a portion of the capability of the alloy with an attendant weight penalty.
There are a number of instances where precise microstructural descriptions are very important. Included would be material specifications, purchase orders for material in special conditions, the metadata that accompanies material properties, in technical presentations, written reports and technical/scientific papers.
The emergence of new advanced manufacturing processing routes, including specifically AM, presents a risk where existing nomenclature (e.g., mill anneal) might be adopted, and therefore certain microstructures or properties are assumed. Indeed, in the main, standards (e.g., AMS 4999A on "Titanium Alloy Direct Deposited Products 6Al-4V Annealed", ASTM F2924 on "Additive Manufacturing Titanium 6-Aluminum-4Vanadium with Powder Bed Fusion", ASTM F3001 on "Additive Manufacturing Titanium 6-Aluminum-4Vanadium ELI (Extra Low Interstitial) with Powder Bed Fusion", and the referenced AMS 2801 on "Heat Treatment of Titanium Alloy Parts" [1-4]) employ the most general of terms (e.g., anneal, stress relief, and age). Yet, these general terminologies have not permeated the community, and the terminologies themselves do not solve the problem of unambiguously describing microstructure, as the terms of both ASTM specifications call out AMS 2801, a specification that was originally issued before the advent of AM. Compounding the problem is the fact that these are specifications only for Ti-6Al-4V, yet have inconsistent times and temperatures for stress reliefs and anneals. The problem of translating these terms for use with other alloys is not covered in any standard where, often, only times and temperatures are given. In addition, all of these standards exclude the possibility of a true β-anneal by limiting the annealing temperature to no more than ~925-950°C (e.g., 954°C (AMS 4999 HIP), 927°C (AMS 4999 furnace anneal), 941°C-954°C (AMS2801B)) temperatures of which are below the β-transus for Ti-6Al-4V, a treatment that may be desired to eliminate spatial variation in microstructure in additively manufactured material.
In this article we will attempt to clarify and define the most common of the microstructural conditions that are used in the application of titanium alloys. Included will be α+β processed conditions such as mill anneal (as mentioned earlier), duplex anneal, and solution treat plus age. Materials that have been beta processed or beta annealed typically are more straightforward in their microstructural descriptions. However, the descriptions become more complicated as the alloy content increases. Nevertheless, we will discuss beta processed and beta annealed materials including the microstructural implications of these two processes. We will suggest new nomenclature for additively manufactured material, and make correlations with the existing nomenclature that is based upon representative microstructures.
The Emergence of Additive Manufacturing (AM)
AM offers the potential to disrupt the traditional subtractive manufacturing paradigm and offer unique performance, cost, and lead-time improvements for the creation of aerospace and other load bearing structural components. However, the implementation of AM for fracture critical metallic components has been limited and has yet to realize this potential. This delay in implementation can be attributed to two main obstacles: (1) most structures that have been designed to be produced by subtractive methods using existing alloys, and cannot be fabricated by AM at a lower first cost than subtractive methods; (2) the process-microstructure-property relationships are not sufficiently well understood to provide the requisite statistical certainty associated with the qualification/certification of aerospace (and other) structures. This latter obstacle is due, in part, to the fact that the material and structure Nearly Final document prior to publication in JOM.
Final text available at: http://dx.doi.org/10.1007/s11837-017-2358-y are generated simultaneously with no possibility for introducing mechanical work to alter the alpha phase morphology. The true disruptive nature of AM may only be realized with new structural designs and alloys that leverage the unique capabilities of additive processes. In the interim, the near-term adoption of the processes require identification of financially viable targets such as high buy-to-fly structures where the vast majority of material is removed by machining the component from large plate stock or for opportunities where the elimination of tooling such as forging dies is attractive (i.e., parts where lead-time and expense of creation of the dies are problematic). Such high buy-to-fly subtractive manufactured structural components are especially attractive for AM candidates, as high speed machining of Ti alloys (unlike Al alloys) is not practiced for technical reasons. The high-material cost of titanium and the common implementation of titanium forgings in aerospace has downselected titanium structure as the near-term objective for most aerospace suppliers and manufacturers for AM. Due to its prevalence in the aerospace industry, most of these structures utilize Ti-6Al-4V, and therefore leverage their legacy post-processing heat treatments.
The diversity in AM processes presents a challenge in adequately defining a standard class of postprocessing heat treatments for titanium alloys. The energy source (electron-beam, laser, plasma), starting feedstock (wire, powder), substrate configuration, deposition atmosphere (vacuum, Ar) and tool-path are just some of the important and highly variable factors that influence the as-deposited chemistry and microstructure. These variables can subsequently influence the selection of a postprocess heat treatment to obtain the desired mechanical properties. The heat treatments for Ti alloy components produced by AM may simply be basic stress-relief treatments to make use of the asdeposited microstructure or they may be microstructure-altering protocols similar to those used in traditional wrought products as described in currently existing specifications such as AMS or ASTM. However, the application of legacy heat treatments and/or standard classification may not provide the optimum properties or accurate description of the microstructural evolution given the varied initial microstructure. For example, plate heat treatments are generally applied to a uniform thicknesses product or are based upon a minimum thickness to compensate for heat-up times that result in known through thickness time at temperature. The near-net shapes of additive components can have a wide variation in section thickness including very small minimum thicknesses. In the case of stressrelief treatments, the prescribed temperature and times tend to be additive process specific, requiring different treatments based on the intrinsic residual stress imparted during deposition (assuming this is known). Finally, selection of the heat treatment may also need to consider tailoring microstructure for receptivity to ultrasonic inspection, as some of the inherent microstructural features present in additively processed materials are responsible for excessive "noise" during typical ultrasonic techniques. Given the breadth and complexity of additively manufactured Ti alloy components described above, a comprehensive set of definitions of heat-treatments and microstructural nomenclature is needed to properly align research and development efforts and production applications going forward as this technology matures. α+β: Duplex anneal A bi-modal (duplex) microstructure, consisting of equiaxed primary α particles, and a transformed β matrix consisting of α laths in either a colony or basketweave form α+β: Solution treat plus age anneal There is not a single prototypical microstructure associated with this condition due to the large variation in both the aging temperature and the importance of the cooling rate from the solution treatment condition. In addition to the typical duplex microstructure, fine secondary α platelets can precipitate from the β phase during aging. β Processed A fully lamellar microstructure, typically consisting of elongated prior β grains with broken-up (discontinuous) grain boundary α, and with α-laths, existing as either either colonies or basketweave β annealed A fully lamellar microstructure, typically consisting of equiaxed prior β grains , typically continuous grain boundary α, and with α-laths, existing in either either colonies or as a basketweave (Widmanstätten) morphology. Table 1 provides the legacy nomenclature which, as noted above, is most often related to forged products, as well as a description of the prototypical microstructural features. The schematics of the thermomechanical processing routes that correspond to these legacy nomenclatures are show in Figs. 1(a-c) and 2(a,b). These schematics adopt the style presented elsewhere [5] . Interested readers are encouraged to refer to Titanium, by Lütjering and Williams [6] for a full description of these processes and the influence of important processing parameters (e.g., deformation degree, cooling rates, annealing temperature). Most of the processing sequences described therein include a thermomechanical step as is typical of wrought products. This is the major difference between additively manufactured and wrought products.
A New Generation of Ti Nomenclatures
Nevertheless, changes in the details of these processing parameters can have a pronounced influences on the microstructures. For example, for wrought structures, some α+β Duplex microstructures consist of only primary equiaxed α particles, and other α+β Duplex microstructures consist of a small fraction of fine primary equiaxed α particles with domains of lamellae laths. These changes, of course, have a significant influence on the mechanical properties of titanium alloys [7, 8] .
In Figs. 1 and 2 , the importance of deformation (step II) is clear. However, in current AM schemes which aim to achieve near-net shape structures, bulk deformation steps are not possible. Further, the elastic residual stress associated with additively manufactured Ti-6Al-4V [9, 10] cannot drive recrystallization upon annealing at any temperature but can cause distortion due to creep. In AM, the line-by-line, layer-by-layer deposition process results in a concentrated heat-source that is continuously moving relative to the material already deposited. Consequently, the deposited material experiences complex thermal histories that are dependent upon the local geometry and build parameters. These thermal histories may vary within a single "voxel", and variations in the local Nearly Final document prior to publication in JOM. Final text available at: http://dx.doi.org/10.1007/s11837-017-2358-y cooling rates may result in spatial variations in the dominant constituents of the microstructure. While the process (absent deformation of the material) will invariably result in microstructures consisting of α-laths and not equiaxed α particles, the configuration of the α-laths may be either basketweave or colony, depending upon the local cooling rates [11] . Figure 3 shows a general sequence of operations that describes the thermal treatments that are currently applied to additively manufactured Ti-6Al-4V. Often, there is a stress relief (anneal, step IV in Fig. 3 ) that occurs after AM. The details of the stress-relieving (annealing) operation are described in AMS 4999, and may be conducted either at ambient pressures or as part of a hot isostatic pressing (HIP) operation that aims to close any residual porosity. Following this stress-relief operation, different types of heat-treatments may be undertaken. These include both α+β heat-treatments and β heattreatments.
For those depositions that are subjected to sub-β-transus temperature anneals and heat-treatments, the microstructure will retain all of the characteristics of the as-deposited material. This can include spatial variations in the nature of the dominant microstructural features (i.e., basketweave vs. colony) [12, 13] , colony scale factors [12] , and thickness of the α-laths. Some of these variations that occur for material produced using Directed Energy Deposition [1-3] are shown in Fig. 4 and 5. The coarseness of the features changes as a result of the temperature, with extended times at temperatures high in the α+β phase field leading to some coarsening of the existing α-laths.
For those depositions that are subjected to temperatures above the β-transus temperatures, the microstructure is more uniform. Depending upon the cooling rates, the microstructure may be either colony in nature or basketweave. The prior β grains maintain the starting grain morphology, which is often elongated with a strong 001 β texture. As there is no significant amount of deformation, the grain boundaries may contain grain boundary α.
Briefly, the designations of solution treat followed by an age do not change as a result of the starting material (i.e., wrought or additively manufactured material), but the primary alpha will have a different morphology. This treatment is typically conducted high in the α+β two-phase field, water quenched followed by an age in the 525°C to 675°C temperature range. The name age erroneously implies age hardening, which is inconsequential in extent. Following the various heat-treatment strategies for additively manufactured materials, aging might be conducted to recover strength lost in a previous step.
As noted in the beginning, the use of nomenclatures has been intended to specify a process that is intended to result in a given microstructure with a corresponding set of properties. Based upon the discussion above and the ongoing work to characterize microstructures in additively manufactured titanium alloys, it is clear that there is not a direct correlation between conventionally processed microstructures and additively manufactured microstructures. Even in the analogous "β-annealed" condition, wrought microstructures will yield equiaxed prior β grains, whereas additively manufactured components are more likely to exhibit highly elongated grains and texture. Conversely, while the elongated grains suggest that the "β-processed" designation may be appropriate, the existence of continuous grain boundary α reflects the "β-annealed" condition.
Thus, new designations are needed. The proposed designations are shown in Table 2 , along with the dominant microstructural features. A fully lamellar microstructure. The features present in the as-deposited condition remain, but will have coarsened, perhaps significantly. Spatial variation in the size and variants of α-laths will remain. Necessary to separate nomenclature from wrought products as properties will be significantly different. AM-α+β HIP (option in AMS 4999, ASTM F2924 and ASTM F3001)
Owing to the time and temperature details, these will be microstructurally similar to the AM-α+β High Temperature anneal. The important difference is that internal pores will be closed during the HIP cycle and the secondary alpha will be coarser due to slower cooling rate from HIP temperature. AM-treatment + age A fully lamellar microstructure. The previous microstructural features will remain. Depending upon cooling from the higher temperature anneal, it may be possible to precipitate fine-scale secondary α platelets from the β phase. AM-β annealed A fully lamellar microstructure, typically consisting of elongated prior β grains with continuous grain boundary α, and with α-laths, existing as either colonies or basketweave [11] . The spatial variation in the size and variants of α-laths will likely be eliminated (assuming constant composition and grain size).
Moving Forward
For additively manufactured titanium structures to be widely adopted, it will be helpful to describe their thermal history as succinctly and accurately as possible. It is clear that it is necessary to introduce the designator "AM" prior to the thermal history. This is reflected in Table 2 . The prototypical microstructural features will, no doubt, be expanded and modified as an increased number of titanium alloys are used and new AM processes are explored. It is also expected that some of this proposed nomenclature might be captured and incorporated in processing standards as these are developed. Nearly Final document prior to publication in JOM. Final text available at: http://dx.doi.org/10.1007/s11837-017-2358-y Nearly Final document prior to publication in JOM. Final text available at: http://dx.doi.org/10.1007/s11837-017-2358-y Variation in the number of parallel α-laths (i.e., the colony scale factor) within an additively manufactured Ti-6Al-4 specimen.
